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Gunning SJ, Chung KK, Donaldson PJ, Webb KF. Identification of a nonselective cation channel in isolated lens fiber cells that is activated by cell shrinkage. Am J Physiol Cell Physiol 303: C1252-C1259, 2012. First published October 10, 2012; doi:10.1152/ajpcell.00237.2012.-The initiation of lens cataract has long been associated with the development of a membrane "leak" in lens fiber cells that depolarizes the lens intracellular potential and elevates intracellular Na ϩ and Ca 2ϩ concentrations. It has been proposed that the leak observed in cataractous lenses is due to the activation of a nonselective cation (NSC) conductance in the normal electrically tight fiber cells. Studies of the membrane properties of isolated fiber cells using the patch-clamp technique have demonstrated a differentiation-dependent shift in membrane permeability from K ϩ -dominated in epithelial and short fiber cells toward larger contributions from anion and NSC conductances as fiber cells elongate. In this study, the NSC conductances in elongating lens fiber cells are demonstrated to be due to at least two distinct classes: a Gd 3ϩ -sensitive, mechanosensitive channel whose blockade is essential for obtaining viable isolated fiber cells, and a second Gd 3ϩ -insensitive, La 3ϩ -sensitive conductance that appears to be activated by cell shrinkage. This second conductance was eliminated by the replacement of extracellular Na ϩ with the impermeant cation N-methyl-D-glucamine and was potentiated by both hypertonic stress and isosmotic cell shrinkage evoked by the replacement of extracellular Cl Ϫ with the impermeant anion gluconate. This additional cation conductance may play a role in normal lens physiology by mediating regulatory volume increase under osmotic or other physiological challenges. Since the inappropriate activation of NSC channels is implicated in the initiation of lens cataract, they represent potential targets for the development of novel anticataract therapies. lens fiber cells; nonselective cation channels; cell volume regulation; lens cataract THE TRANSPARENCY OF THE OCULAR lens is the result of an organized cellular architecture that minimizes light scattering within the tissue. The lens is composed of two distinct cell types: an anterior monolayer of epithelial cells, and fiber cells that make up the bulk of the lens. At the lens equator, epithelial cells divide and give rise to the fiber cells, which then undergo a process of differentiation that involves loss of nuclei and other organelles, expression of fiber-specific membrane proteins, and dramatic elongation (3) . This process occurs throughout life such that each new layer of fiber cells forms a lamellar "growth shell" that is internalized by the next overlying layer, creating a radial gradient in fiber cell differentiation across the lens cortex (22) . Extracellular space is minimized, and light-scattering organelles are eliminated from the ocular light path. Being avascular, the lens requires a unique physiology to maintain its cellular architecture. An internal microcirculation system has been proposed to deliver nutrients to and remove waste from the internalized lens core (29) .
This circulation system is thought to be driven by spatial differences in ion channel and transporter activity within the lens. Studies in whole lenses have shown that peripheral epithelial and newly differentiated fiber cells contain Na ϩ /K ϩ -ATPase and K ϩ channels (7), while in the deeper more mature fiber cells pump activity is downregulated and K ϩ permeability is replaced by increased permeability to Na ϩ and Cl Ϫ (28). Since these spatially segregated membrane permeabilities are connected by numerous gap junctions and a tortuous, resistive extracellular space, directed movements of ions and water through the lens tissue have been calculated to occur under normal physiological conditions, the lens "internal circulation" system (29) . The key to the operation of this system is a distributed low-level leak to cations, which is present throughout the lens center but is absent closer to the surface. This deep, distributed ion uptake generates a net extracellular flux of Na ϩ , Cl Ϫ , and water into the lens center via the sutures as proposed (27, 31) , refined (29) , and reviewed by Mathias et al. (26) .
Microelectrode impalements of intact lenses reveal a uniform intracellular potential throughout the lens (9) , since the heavy expression of gap junctions throughout the lens forms a syncytium whose global behavior depends on a weighted average of all membrane properties across all cells (31) . Initiation and progression of lens cataract have long been associated with a depolarization of the lens membrane potential and a general increase in the "leakiness" of fiber cell membranes to cations (10) . Based on studies in intact human lenses, Duncan (9) was the first to suggest that this membrane leakage, observed in both nuclear and cortical cataract, was mediated by nonselective cation (NSC) channels. The onset of nuclear cataract is associated with an age-dependent increase in fiber cell Na ϩ and Ca 2ϩ concentrations and a depolarization of the lens potential (8, 10, 11) . The progressive accumulation of cation leak pathways through the continual laying down of additional fiber cell layers may overwhelm regulatory mechanisms and trigger the development of nuclear cataract in the elderly (10, 12) . In contrast, cortical and diabetic cataract is associated with an age-independent depolarization and accumulation of Ca 2ϩ and Na ϩ , which tends to indicate a sudden or inappropriate overactivation of a membrane cation leak (10, 12) .
The characterization of NSC conductances and their regulatory pathways is of high interest since these conductances could be targets for the development of novel anticataract therapies. To obtain these data, it is necessary to record the membrane properties of individual fiber cells. Efforts to characterize the membrane permeability of individual fiber cells by patch clamping has however, been hampered by the cellular isolation process that activates a cation conductance, which causes membrane potential depolarization, cellular swelling, Ca 2ϩ -influx, activation of Ca 2ϩ -dependent proteases, and ultimately vesiculation of the isolated fiber cells (5, 39) . Efforts to prevent fiber cell vesiculation to create isolated fiber cells amenable to patch clamping have focused on either using Ca 2ϩ -free media (HEPES/sucrose/EDTA) to eliminate Ca 2ϩ overload (14, 15, 39) or direct blockade of activated cation conductances with multivalent cations (40, 42) . Removing extracellular Ca 2ϩ activates a large magnitude slowly activating conductance that has been recently been shown to be due to activation of connexin (Cx)46 hemichannels (14, 15) . This channel is blocked by the addition of Gd 3ϩ or by Ca 2ϩ in normal physiological media. It has been proposed that Cx46 hemichannels may mediate the distributed Na ϩ leak current seen in intact lenses (18) ; however, their blockade by physiological extracellular Ca 2ϩ concentrations would imply that these channels would be largely silenced under normal conditions in the lens.
Webb et al. (40, 42) used Gd 3ϩ to block vesiculation of isolated fiber cells in Ca 2ϩ -containing bath solutions and obtained a viable population of fiber cells of various lengths that were amenable to analysis by patch clamp. In this cell preparation, short isolated epithelial-like differentiating fiber cells were found to contain K ϩ selective channels (Fig. 1B) , while longer differentiating and mature fiber cells contained a dominant anion-selective conductance (Fig. 1C) (40) . In addition to these specific conductances, a subpopulation of isolated fiber cells displayed a linear leak conductance (Fig. 1D) , which was present to varying degrees across cells of all lengths in the presence of both extracellular Gd 3ϩ and Ca 2ϩ (40) . These observations imply the presence of two cation conductances in isolated lens fiber cells: one which is activated by the mechanical forces induced by fiber cell isolation and can be inhibited by Gd 3ϩ and another that is active in the presence of both Gd 3ϩ and Ca
2ϩ
. In this study, we further characterize this Gd 3ϩ -insensitive NSC conductance and show that it can be blocked by La 3ϩ and is potentiated by isosmotic and hypertonic cell shrinkage.
METHODS
Isolation of fiber cells. Detailed protocols for the isolation of elongated fiber cells have been previously described (40) . Briefly, 3-to 4-wk-old Wistar rats were killed by CO 2 asphyxiation and cervical dislocation in accordance with protocols approved by the University of Auckland Animal Ethics Committee. Lenses were extracted from the eye and placed into isosmotic artificial aqueous humor (AAH; in mM: 149 NaCl, 4.7 KCl, 2.5 CaCl 2, 5 glucose, and 5 HEPES pH 7.4, with the osmolarity adjusted to 300 mosM with mannitol). With the aid of a dissecting microscope, sharpened forceps were used to gently remove the capsule and the fiber cells attached to it. The capsule with adherent cells was transferred to an Eppendorf tube and incubated for 30 min in 1 ml of dissociation buffer (170 mM Na-gluconate, 4.7 mM KCl, 5 mM HEPES, 5 mM glucose, and 0.125% wt/vol Sigma type 1A collagenase, at 37°C). Cells were gently vortexed before being centrifuged at 1,000 rpm for 2 min. Pelleted cells were resuspended in 200 l of AAH, which contained 1 mM GdCl 3, a generic nonselective cation channel inhibitor that prevents the vesiculation of fiber cells that occurs upon their isolation (4, 42) . Cells were plated onto a poly-L-lysine-coated glass coverslip that formed the bottom of a recording chamber, which in turn was mounted on the stage of an inverted microscope (Nikon Eclipse, Nikon, Melville, NY). Once adhered to the coverslip (ϳ5 min), the cells were overlaid with AAH ϩ 1 mM Gd 3ϩ and continuously perfused under gravity at ϳ1 ml/min. All solutions were introduced to the bath via the perfusion system. All experiments were conducted at room temperature (ϳ20°C). Experiments conducted on isolated fiber cells to determine the effects of isosmotic cell shrinkage were conducted by incubation of cells in a gluconate AAH solution (in mM: 149 Na-gluconate, 4.7 K-gluconate, 2.5 CaCl 2, 5 glucose, and 5 HEPES pH 7.4, with the osmolarity adjusted to 300 mosM with mannitol). Hypertonic cell shrinkage was induced by exposing cells to AAH that included sufficient mannitol to increase the osmolarity to 430 mosM. Experiments performed to assess the contribution of sodium ions to the nonspecific conductance of fiber cells involved equimolar substitution of N-methyl-D-glucamine (NMDG) for Na ϩ (149 mM) in isosmotic or hypertonic AAH. La 3ϩ (1 mM) was added to either isosmotic or hypertonic AAH to assess its effects on the nonspecific cation conductance.
Whole cell patch clamping. Patch electrodes were fabricated using a horizontal pipette puller (model P-97; Sutter Instruments, Novato, CA), and when backfilled with filtered pipette solution (in mM: 10 NaCl, 130 K-gluconate, 10 HEPES, 1.3 CaCl 2, 10 EGTA, 4.1 MgCl2 pH 7.4, and 300 mosM) had resistances of between 3 and 5 M⍀. Pipettes were mounted directly to the headstage of patch-clamp amplifier (Multiclamp 700A; Axon Instruments, Union City, CA) and were positioned using a piezoelectric manipulator (Burleigh PCS-5000; Exfo Life Sciences, Missisuaga, ON, Canada). Data were digitized using a Digidata 1322A SCSI analog-digital converter (Axon Instruments) and a Pentium II 266 MHz PC computer running the pClamp v8.1 software package (Axon Instruments). Images were acquired via a cooled CCD camera (Photometrics Cascade; Roper Scientific, Tuscon, AZ) attached to a frame grabber card under the control of Axon Imaging Workbench v2.2 (Axon Instruments). Cells were clamped at a baseline holding potential of Ϫ40 mV, and currents were recorded during 20-mV steps from Ϫ100 to ϩ100 mV. All currents were recorded in the presence of 1 mM Gd 3ϩ . All cells were 150 -350 m in length.
Statistical analysis. Data are presented as means Ϯ SD; n is the number of cells recorded from. Statistical significance was determined using Student's two-tailed t-test for paired or unpaired means. When comparing three or more groups, statistical significance was determined by one-way ANOVA using the Holm-Sidak method. Where data did not follow a normalized distribution (Shapiro-Wilk test), the nonparametric Kolmogorov-Smirnov test was used. P Ͻ 0.01 was taken to indicate statistical significance. Peak current was determined at ϩ100 mV. Currents were normalized against membrane capacitance in current-voltage experiments and against initial peak current during time-course exposure to alternative solutions.
RESULTS
The membrane currents shown in Fig. 1 were recorded from isolated fiber cells of a range of lengths in the presence of Ca 2ϩ and Gd 3ϩ (1 mM). Gd 3ϩ is a potent broad-spectrum blocker of NSC channels and gap junction hemichannels (17, 35) . It is therefore surprising that a "residual" nonselective leak conductance was observed in a subpopulation of longer isolated fiber cells (Fig. 1, A and D) . In these longer cells, the reversal potential is depolarized and shifted towards E NSC , while current responses are linearized and poorly rectifying (Fig. 1D ). In such "leaky" cells, replacement of Na ϩ by NMDG resulted in a large decrease in peak current (44.3 Ϯ 7.7%; P Ͻ 0.01; n ϭ 14), normalized conductance (22.3 Ϯ 6.1%; P Ͻ 0.01; n ϭ 14), and a hyperpolarizing shift in reversal potential from Ϫ40.3 Ϯ 6.5 to Ϫ60.6 Ϯ 6.9 mV (P Ͻ 0.01; n ϭ 14) to reveal a characteristic outwardly rectifying isolated fiber cell current voltage relationship (Fig. 2, A-C) . This residual leak conductance was also shown to be sensitive to the addition of 1 mM La 3ϩ (Fig. 2, D-F) , which decreased peak current (26.9 Ϯ 5.0%; P Ͻ 0.01; n ϭ 8) and normalized conductance (45.0 Ϯ 5.0%; P Ͻ 0.01; n ϭ 8) but did not significantly shift the membrane potential (1.9 Ϯ 2.2 mV; P ϭ 0.38; n ϭ 8). This reduction in leak current either upon replace of extracellular Na ϩ with the impermeant cation NMDG or the addition of an additional generic cation channel inhibitor in the form of La 3ϩ (25) indicates that the observed "leak" current may be due to the activation of a novel additional NSC channel, which can be activated in the presence of Gd 3ϩ and Ca 2ϩ ions. Interestingly, the contribution of this additional NSC channel to overall membrane properties was quite variable within the population of isolated cells, suggesting that its activity may be regulated in some way.
In other epithelial systems, NSC channels are implicated in mediating regulatory volume increase (RVI) in response to cell shrinkage (43) . To test whether the basal activity of this La 3ϩ -sensitive NSC channel observed in fiber cells is also modulated by changes in osmolarity, isolated fiber cells were exposed to a hypertonic challenge (430 mosM) and membrane currents were recorded by whole cell patch clamping (Figs. 3 and 4) . Peak current (50.3 Ϯ 9.9%; P Ͻ 0.01; n ϭ 30) and normalized conductance (45.7 Ϯ 16.4%; P Ͻ 0.01; n ϭ 30) were increased under hypertonic conditions, and reversal potential was depolarized (21.2 Ϯ 7.5 mV; P Ͻ 0.01; n ϭ 30). These observations indicate the potentiation of a NSC conductance in response to hypertonic challenge. This hypertonic-induced activation of the basal NSC current could be abolished by the replacement of Na ϩ with the impermeant cation NMDG (Fig. 3 ). The peak current was reduced by 79.7 Ϯ 7.6% (P Ͻ 0.01; n ϭ 14) in hypertonic AAH ϩ NMDG compared with hypertonic AAH. Likewise, normalized conductance was reduced by 64.8 Ϯ 9.5% (P Ͻ 0.01; n ϭ 14). As expected, the reversal potential depolarized from Ϫ32.2 Ϯ 5.3 mV in control AAH (n ϭ 14) to Ϫ10.9 Ϯ 8.9 mV under hypertonic AAH (n ϭ 14); yet in hypertonic AAH in the presence of NMDG, the reversal potential was not significantly different to control AAH (Ϫ32.6 Ϯ 5.4 mV; P ϭ 0.79; n ϭ 14). Similarly, the peak current was reduced by 31.9 Ϯ 4.9% (P Ͻ 0.01; n ϭ 16) in hypertonic AAH ϩ La 3ϩ compared with hypertonic AAH (Fig. 4) . Likewise normalized conductance was reduced by 70.7 Ϯ 10.5% (P Ͻ 0.01; n ϭ 16). The reversal potential shifted from Ϫ11.8 Ϯ 8.4 mV under hypertonic AAH (n ϭ 16) to Ϫ43.3 Ϯ 4.4 mV in the presence of hypertonic AAH ϩ La 3ϩ , which was not significantly different to control AAH (P ϭ 0.30; n ϭ 16).
Since the lens rarely experiences wild fluctuations in extracellular osmolarity, we incubated fiber cells in the impermeant anion gluconate (Fig. 5) , which has been previously shown to trigger isosmotic cell shrinkage in other systems (42) . In elongated fiber cells exhibiting an outwardly rectifying anion conductance, gluconate exposure initially (200 s) resulted in a decrease of normalized conductance (60.9 Ϯ 3.9%; P Ͻ 0.01; n ϭ 27) and depolarization of membrane potential (17.5 Ϯ 2.6 mV; P Ͻ 0.01; n ϭ 27). However, following prolonged exposure to gluconate (600 s), an increase in peak normalized conductance (52.9 Ϯ 18.4%; P Ͻ 0.01; n ϭ 27) and a depolarization of the reversal potential (24.3 Ϯ 7.3 mV; P Ͻ 0.01; n ϭ 27) was observed (Fig. 5) , which was associated with a cell shrinkage that was visualized as a "crumpling" of the cell membrane (see Fig. 7A ). The delayed peak current activated by replacement of extracellular Cl Ϫ was also reduced below control levels by the addition of La 3ϩ (84.6 Ϯ 6.2%; P Ͻ 0.01; n ϭ 6; Fig. 6 ) indicating that this Gd 3ϩ -insensitive, La 3ϩ -sensitive current is activated by both hypertonic challenge and isosmotic cell shrinkage.
Interestingly, relative to the effect on cell volume observed upon the replacement of extracellular Cl Ϫ with gluconate, the exposure of fiber cells to hypertonic challenge did not evoke a noticeable shrinkage of the cells that could be detected with our imaging system (Fig. 7B ). Differences were also noted in the extent and duration of NSC channel activation in response of the cells to the two stimuli (Fig. 7C) . Isosmotic cell shrinkage caused by replacement of extracellular Cl Ϫ by the impermeant anion gluconate provoked a sustained activation of peak membrane current (272.8 Ϯ 17.5% greater than isosmotic control at 900 s; P Ͻ 0.01; n ϭ 57). In contrast, the increase in peak current induced by hypertonic challenge was transient in nature reaching a peak at 600 s (64.6 Ϯ 12.4% greater than isosmotic control; P Ͻ 0.01; n ϭ 57) before declining towards control values at 900 s (12.1 Ϯ 13.2% greater than isosmotic control; P ϭ 0.08; n ϭ 39). This transient activation of a NSC channel by hypertonic stress is the response that would be expected to occur in RVI to prevent cell shrinkage and preserve cell volume. RVI is mediated by an accumulation of both Na ϩ and Cl Ϫ ions to maintain electroneutrality, which then drives the uptake of water by osmosis. Hence, in the presence of the impermeant anion gluconate, it appears that despite the activation of NSC channels by cell shrinkage the accompanying anion influx necessary to allow RVI is prevented. Thus it appears that in the presence of extracellular Cl Ϫ cell shrinkage can increase the basal activity of the La 3ϩ -sensitive NSC conductance to enable RVI to preserve cell volume in isolated fiber cells.
DISCUSSION
Dissociation of lens fiber cells from the overlying epithelium causes cell depolarization, cell swelling, activation of a leak conductance, influx of Ca 2ϩ , activation of Ca 2ϩ -dependent proteases, and ultimately fiber cell vesiculation (4, 15, 39) . Vesiculation can be inhibited by removal of extracellular Ca 2ϩ (4, 15) or by the addition of 1 mM Gd 3ϩ (K D ϭ 76.8 M; 40, 42), which blocks a normally quiescent NSC channel that is permeable to Ca 2ϩ and is activated by the mechanical stress of cell dissociation. In this study we have characterized a residual NSC conductance that remains active in isolated fiber cells in the presence of Gd 3ϩ and extracellular Ca 2ϩ . This Gd 3ϩ -insensitive cation conductance was eliminated by replacement of extracellular Na ϩ by NMDG and was blocked by 1 mM La 3ϩ . This La 3ϩ -sensitive conductance is further activated by both hypertonic (430 mosM) and isosmotic cell shrinkage induced by the replacement of extracellular Cl Ϫ with the impermeant anion gluconate. Taken together these observations suggest there are least two distinct classes of NSC channels in lens fiber cells that may contribute to the setting of the steady-state lens potential and whose activity can be modulated by changes in cell volume and/or mechanical stress.
With regard to the contribution of these NSC conductances to overall lens membrane permeability, impedance analysis of intact ex vivo lenses has demonstrated a low but pervasive permeability to Na ϩ and Cl Ϫ throughout all fiber cells (1, 30) . A large electrochemical gradient for Na ϩ influx exists in the lens, but the actual influx of Na ϩ into an individual fiber cell is relatively small (29) . Culturing lenses in low extracellular Ca 2ϩ causes depolarization and activation of a leak conductance and the accumulation of intracellular Na ϩ and Ca 2ϩ , which can be inhibited by a variety of divalent and trivalent cations (21, 34) . Subsequent studies in isolated fiber cells maintained in the absence of extracellular Ca 2ϩ to prevent fiber cell vesiculation revealed a large leak conductance (15, 16) , which has been recently confirmed to be mediated by Cx46 hemichannels (14) . Cx hemichannels when exogenously expressed form nonselective cation channels, which are activated in lowered Ca 2ϩ (13) and have recently been shown to be mechanosensitive (2) . Under physiological conditions, however, the presence of extracellular Ca 2ϩ drastically lowers the open probability of Cx46 hemichannels (13) . Activation of hemichannels may therefore be important during mechanical stress, and their activation could result in the release of local signaling factors such as ATP (36) . In contrast, we have now demonstrated the activity of two classes of nonselective cation channels that are active in the presence of physiological Ca 2ϩ concentrations, which are more appropriate candidates to mediate the basal permeability of fiber cells to Na ϩ observed in intact lenses (9, 10, 30) .
Our data also suggest that this resting Na ϩ permeability mediated by NSC channels can be modulated by changes in cell volume. Consistent with this idea, hypertonic stress has been shown to depolarize intracellular potentials in intact lenses (33) , presumably through the activation of NSC channels (21, 32) . Furthermore, rapid lenticular uptake of Na ϩ has been reported in the early phase of response to hypertonic challenge (32) . In a variety of cell systems, the activation of NSC conductances in parallel with anion accumulation is responsible in part for the RVI that follows cell shrinkage (23, 24, 44) . In the present study, fiber cells exposed to hypertonic stress exhibited a transient upregulation of the La 3ϩ -sensitive NSC conductance, which appeared to preserve cell volume (Fig. 7B ) presumably due to the parallel presence of anion transport pathways in lens fiber cells (6, 41) . Unfortunately, because of the elongated nature of the fiber cells, it proved impossible by differential interference contrast microscopy to quantify transient changes in fiber cell volume and morphology associated with activation of the NSC conductance that occur during RVI. However, it was possible to detect the sustained and larger cell shrinkage caused by the loss of intracellular Cl Ϫ due to the replacement of extracellular Cl Ϫ with the impermeant anion gluconate. Under these conditions, where anion influx through the fiber-cell-specific anion channel (41) is prevented, shrinkage leads to the sustained activation of the La 3ϩ -sensitive nonselective cation channel, but no recovery of cell volume was observed (Fig. 7A) .
Our identification of two NSC conductances in isolated fiber cells that have differential sensitivity to the generic NSC channel blockers Gd 3ϩ and La 3ϩ raises questions about the molecular identity of channels involved. In this regard, we have previously shown that members of the P2X family of ATP-gated NSC channels are expressed in the lens (20) . Interestingly, in immunocytochemical mapping experiments the majority of these P2X channels (P2X 1,3,4,6,7 ) were shown to be localized to the cytoplasm of fiber cells, but upon hypertonic challenge a subset of the P2X channels (P2X 1,4 ) were inserted into the plasma membrane of fiber cells located in a distinct zone of the lens (37, 38) . This zone was some 15 cells layers in from the lens periphery, and we have previously shown that fiber cells isolated from this zone are longer than 150 m (42), cells in the current study ranged from 150 -350 m in length. This suggests that the increase in the La 3ϩ -sensitive NSC pathway seen in response to cell shrinkage may be mediated by the insertion of P2X channels into the plasma membrane from a cytoplasmic vesicular pool of P2X channels. To verify this possibility, a more extensive pharmacological profiling of NSC channels activated by hypertonic stress using more specific inhibitors applied to fiber cells of varying length is required.
Significance. Our observation that the lens contains at least two distinct classes of NSC channels that can be modulated by physiological disruption such as mechanical or osmotic stress indicates that these conductances may play important roles in regulating lens transparency. Furthermore, inappropriate activa-tion of these conductances also provides a mechanism to explain the increase in the "leakiness" of fiber cell membranes to cations that has been associated with the initiation and progression of lens cataract (10, 11, 19, 21) . This association of the activation of NSC channels with cataractogenesis suggests that these channels represent a potential target for the development of novel therapies to prevent or delay the progress of cataract. An understanding of the identity and regulation of NSC channels in the lens is therefore critical for further investigation.
